We present the results of observations of the Irr galaxy IC 10 at the 6-m SAO telescope with the panoramic Multi-Pupil Fiber Spectrograph (MPFS). Based on the results of these observations and our long-slit spectroscopy performed previously, we have investigated the ionized-gas emission spectrum in the region of intense star formation and refined the gas metallicity estimates. We show that the "diagnostic diagrams" constructed from our observations agree best with the new improved ionization models by Martín-Manjón et al. Using these models, we have determined the electron density and gas ionization parameter and ionizing-cluster characteristics, the age and mass, from the spectra of the investigated HII regions. The cluster age and mass are shown to be within the ranges 2.5 -5 Myr and (0.2 -1)×10
INTRODUCTION
Studies of Local Group irregular galaxies open optimal possibilities for investigating the structure, kinematics, and chemical composition of the gaseous medium and their changes not only during the evolution of Irr galaxies but, according to present views, also during the evolution of massive galaxies. The topicality of detailed studies of the gas emission spectrum and ionization conditions in the nearest dwarf Irr galaxy IC 10 is determined by a number of its peculiarities. The anomalously large number of Wolf-Rayet (WR) stars in IC 10 arouses the greatest interest. The space density of WR stars here is highest among the dwarf galaxies, comparable to that in massive spiral galaxies (Massey et Vacca et al. 2007 ; and references therein). The high Hα and infrared luminosities and the anomalously large number of WR stars in IC 10 suggest that the last starburst was short but it affected the bulk of the galaxy.
The gas and stellar compositions of the galaxy have been well studied (and are being intensively studied). Not coincidentally, it is for IC 10 that Yin et al. (2010) performed detailed model calculations of the evolution of the chemical composition in an Irr galaxy for various star formation and galactic wind regimes.
In this paper, we continue our studies of the gas emission spectrum in the dwarf Irr starburst galaxy IC 10 begun by Lozinskaya et al. (2009) . The main objective of the first paper was to determine the gas metallicity in about twenty HII regions and in the synchrotron suberbubble from our observations of the galaxy at the 6-m SAO telescope with the SCORPIO focal reducer in the long-slit mode (the chemical composition of only the three brightest nebulae in the galaxy was known previously; see Lozinskaya et al. (2009) and references therein.) The paper by Magrini and Gonçalves (2009) , who determined the chemical composition of many HII regions and planetary nebulae in IC 10, appeared in the same year.
The main goal of our new paper is to analyze the emission spectrum and gas ionization state by the galaxy's stellar population. This study is based on our observations performed at the 6-m SAO telescope with the panoramic Multi-Pupil Fiber Spectrograph (MPFS). Since these observations are interpreted in terms of the new improved ionization models by Martín-Manjón et al. (2009) and are compared with the new computations by Levesque et al. (2009) , we deemed it appropriate to also reconsider the results of our long-slit spectroscopy presented in Lozinskaya et al. (2009) in terms of these models. The data on the stellar population of IC 10 were also updated significantly over the year: two papers devoted to the search for star clusters in the galaxy appeared simultaneously (Tikhonov and Galazutdinova 2009; Sharina et al. 2009 ). Previously, Hunter (2001) identified clusters only in the region of intense current star formation and in its immediate neighborhood; in the mentioned new papers, the investigated galactic regions were extended and the number of clusters increased significantly.
The most interesting region that we studied in greatest detail is the bright complex of ionized gas in the southeastern section of the galaxy, in which the last starburst episode most likely occurred in IC 10 (Vacca et al. 2007 ). Here, there are the densest HI cloud, a molecular CO cloud, and a complex of emission nebulae about 300-400 pc in size, including two bright shell nebulae, HL111 and HL106 (according to the catalog by Hodge and Lee (1990) ), as well as the youngest star clusters and ten WR stars (Leroy et Lozinskaya et al. 2008 ). Some of the MPFS fields and long-slit spectrograms are localized in these faint regions.
A unique object, the so-called synchrotron suberbubble, is adjacent to the central bright star formation complex on the south. Lozinskaya and Moiseev (2007) were the first to explain the formation of the synchrotron superbubble by a hypernova explosion; previously, its formation was associated with multiple explosions of about ten supernovae ( In the succeeding sections, we describe our observations, present and discuss our results, and, in conclusion, summarize our main conclusions.
All radial velocities here are heliocentric; the distance to the galaxy is taken be 800 kpc (the angular scale is ≃ 3.9 pc/ ′′ ) (Sanna et al. 2009; Tikhonov and Galazudtdunova 2010) .
OBSERVATIONS AND DATA REDUC-TION

MPFS Observations
The selected galactic regions were observed with the panoramic Multi-Pupil Fiber Spectrograph (MPFS) mounted at the prime focus of the 6-m telescope (see Afanasiev et al. (2001) and the web site 1 ). The detector was an EEV 42-20 2048 × 2048-pixel CCD array. The spectrograph can simultaneously record the spectra from 256 spatial elements (spaxels) (in the shape of square lenses) that constitute a 16 × 16-spaxel array in the plane of the sky. The angular size of a single spaxel is 1 ′′ . In this paper, we use the spectra of five fields with a resolution of about 6.5Å in the wavelength range 3990-6940Å taken for IC 10 (in the sixth field around the WR star M23, the emission turned out to be very weak.) The localization of the MPFS fields in the galactic image is shown in Tikhonov and Galazutdinova (2010) . Also shown are the HII regions over which the lines presented in Table 3 were integrated. We reduced the observations using the software developed at the SFVO laboratory of the SAO, the Russian Academy of Sciences, and running in the IDL environment. The spectra of the stars BD+75 d 325 and G191-B2B observed immediately after the object were used for energy calibration. The result of this reduction is a "data cube" in which a 2048-pixel spectrum corresponds to each spaxel of the 16 ′′ × 16 ′′ image.
Long-Slit Spectroscopy
We also used the observations of IC 10 with the SCORPIO instrument (for a description, see Afanasiev and Moiseev 2005) For five slit positions designated in accordance with their position angles as PA0, PA45, PA132, PA268, and PA331, we took spectra with a resolution from 2.5 to 9Å. The localization of the spectrograms is shown in Fig. 1 .
To increase the signal-to-noise ratio for faint emission regions, we performed an averaging over individual nebulae when processing the spectrograms; the region of integration was from 2 to 20 ′′ in size.
The ranges of errors given below in the tables and figures correspond to 3σ.
A log of MPFS and SCORPIO long-slit observations is presented in Table 1 
RESULTS OF OBSERVATIONS
The localization of the six MPFS fields and five long-slit spectrograms that were analyzed in detail in Lozinskaya et al. (2009) and partially used in this paper in the Hα image of the galaxy is shown in Fig. 1 In the list of cluster coordinates presented by Tikhonov and Galazutdinova (2010) and in the coordinates of the M24 group of stars in Vacca et al. (2007) , we revealed a shift by about 2 ′′ .4 related to the referencing of the coordinate system of HST observations. After an appropriate refinement of the coordinates (Vacca, private communication; Galazutdinova, private communication), the localizations of the common clusters in the three mentioned lists in Fig. 1 For the convenience of identification, the HII regions from the list by Hodge and Lee (1990) mentioned in the text and the synchrotron superbubble (denoted by SS in Fig. 1a ) are also labeled in Figs. 1a and 1b. The two separate areas of the nebula HL111c in Fig. 1b and in Table 3 (see below) are designated as HL111c-1 and HL111c-2.
The observations of several galactic regions were performed both with the MPFS and long-slit spectrograph (see Fig. 1 ), which allows the actual accuracy of our measurements to be estimated. For this purpose, we determined the integrated relative intensities of several lines for the regions falling into the spectrograph slit and cut out the same regions in the corresponding MPFS field. Table 2 gives the relative line intensities in the same region measured from our long-slit spectrograms and MPFS observations. As we see, the agreement is good everywhere, within the error limits.
Previously (Lozinskaya et al. 2009 ), we made sure that the measurements made from two longslit spectra at the points of their intersection are also in good agreement, given the difference between the regions of integration of the fluxes for different slit orientations.
The results of our processing of the MPFS spectra are presented in Table 3 . Its columns give: (1)-MPFS field used and name of the HII region or its part over which the line flux was integrated; (2) The relative line intensities averaged over the long-slit spectroscopic observations of the investigated nebulae are listed in Table 3 
DISCUSSION
Below, we compare the results of our observations of the emission spectrum for HII regions of IC 10 with two new works on the evolutionary modeling of the emission spectrum for the ionized gas that surrounds a young star cluster as a function of the gas metallicity and the cluster age and mass (Levesque et al. 2009 ; Martín-Manjón et al. 2009). In both works, the emission spectrum of HII regions is modeled for starburst galaxies and the results of the computations are particularly interesting for our case of a low gas metallicity in IC 10.
The parameters needed to compare the results of our observations with the mentioned model calculations are primarily the gas density and metallicity in the galaxy's HII regions.
Estimating the Density of the Gaseous Medium
We found the electron density in the investigated nebulae of IC 10 from the [SII] doublet line intensity ratio from our MPFS observations to be within the range N e ≃ 20 -250 cm −3 . In particular, the density reaches N e ≃ 60 -100 cm −3 in the nebula HL111c representing the brightest part of the shell HL111 and drops to N e ≃ 20 -50 cm −3 in the fainter regions of HL111. The results are presented below in Table 5 , which gives the nebular-averaged densities obtained from our MPFS and long-slit spectroscopic observations.
Estimating the Metallicity of the Gaseous Medium
The oxygen abundance in individual HII regions of IC 10 found in Lozinskaya et al. (2009) from long-slit spectroscopy lies within the range 12 + log(O/H) = 7.59 -8.52; the mean metallicity of the gaseous medium in the galaxy is 12 + log(O/H) ≃ 8.17 ± 0.35 or Z = (0.18 ± 0.14)Z ⊙ . The oxygen abundance variations in HII regions of IC 10 turned out to be large; we showed that they are attributable not only to the measurement errors of the line intensities but also to the real differences in the galaxy's bright and faint ionizedgas regions.
The new results of our MPFS observations allow the data from Lozinskaya et al. (2009) to be supplemented. It also seems interesting to use a different metallicity estimation technique proposed by Pettini and Pagel (2004) both to interpret our MPFS observations and to refine our long-slit spectroscopic data.
The oxygen abundance was estimated in Lozinskaya et al (2009) . In this case, the oxygen abundance is reliably estimated at O3N2 < 1.9. Note that Bresolin et al. (2004) also confirmed that this relation works well in the range 12 + log(O/H) < 8.4. Based on our MPFS observations, we estimated here the oxygen abundance 12 + log(O/H) by the above method for the individual nebulae HL111c, HL111d, and HL111e that form the shell structure of HL111 around the M24 group of WR stars, for the two HII regions HL111a and HL100 around the Wolf-Rayet WC4 star M12, and for the neighborhoods of the stars R10 (HL106 and HL106a), R12 (HL97, HL98), and M2 (HL4, HL6). The results are presented in Table 4 . Its columns give: (1)-name of the HII region; (2)-O3N2 parameter; (3), (4) , and (5) -derived relative O, N + , and S + abundances, respectively. As follows from the table, the oxygen abundance 12 + log(O/H) for all nebulae varies within the range from 8.15 to 8.43. The minimum value corresponds to the center of current star formation in the vicinity of M24, with the exception of the southwestern fragment HL111e, where is is slightly higher. In the remaining HII regions investigated with the MPFS, the oxygen abundance is slightly higher and, on average, is close to 8.3.
We used the same method by Pettini and Pagel (2004) to reestimate the oxygen abundance in HII regions based on our long-slit spectroscopy. The results are also presented in (6) and (8) . Therefore, we slightly modified their reduction technique to eliminate the possible errors related to the uncertainty in the correction for interstellar extinction during long-slit spectroscopic observations (the blue and red regions for spectrograms PA0, PA132, and PA268 were observed on different nights). In contrast to Lozinskaya et al. (2009), we did not correct the observed ratios for the color excess in the corresponding region but took the "theoretical" ratio I(Hα):I(Hβ) = 2.86 : 1.00, which, according to Aller (1984) , is valid for typical electron density in a star-forming region of 20-300 cm −3 and electron temperature of ≃ 10 000 K. The relative abundances 12 + log(N + /H) and 12 log(S + /H) refined in this way are presented in the last two columns of Table 4 .
During our MPFS observations, we took the entire spectrum with the same exposure time and no problems with the extinction estimation arose.
We emphasize that the possible errors in the correction for interstellar extinction do not affect the oxygen abundance estimated by the method of Pettini and Pagel (2004) , which is derived from the relative intensities of "neighbouring" lines.
According to Pettini and Pagel (2004) , the dispersion of the dependence of the oxygen abundance on the ratio of I[OIII(5007)]/I(Hβ) to I[NII(6584)]/I(Hα) is ±0.25 dex. However, comparison of our estimates from the MPFS and longslit spectra shows agreement with an accuracy of at least ±0.05 dex. Therefore, the observed difference between the oxygen abundances in different HII regions of IC 10, about 0.1 dex, seems real to us.
The oxygen abundance variations in the interstellar medium of IC 10, up to several tenths of dex, were considered in detail by Magrini and Gonçalves (2009) , who pointed out the region of the most constant oxygen abundance 12 + 
Below, we use the density and metallicity of the gaseous medium found to choose appropriate theoretical diagnostic models. As we see, the observations generally agree with the theoretical dependences for a density within the range N e ≃ 10-100 cm −3 . Several points in the I([SII]λ6717 + 6731Å)/I(Hα) vs. I([OIII]λ4959 + 5007Å)/I(Hβ) diagram deviate from the theoretical dependence for a photoionized HII region toward higher sulfur line intensities. These points correspond to the long-slit spectrograms passing over the synchrotron superbubble and over several faint regions. The enhanced [SII] line intensity here may be related to the gas emission behind the shock front. Indeed, according to Lozinskaya and Moiseev (2007) , the synchrotron superbubble is the remnant of a hypernova explosion.
In the regions HL67, HL89, HL97, HL98, HL100 and near the WR star M10, where an enhanced relative [SII] line intensity is also observed, we searched for high-velocity gas motions that would be indicative of the action of shock waves. For this purpose, we used our previous observations at the 6-m SAO telescope with the SCOR-PIO instrument and a scanning Fabry-Perot interferometer (FPI) in the Hα and [SII]λ6717Å lines, whose results are discussed in detail in Egorov et al. (2010) .
The results of our search are presented in Fig. 4 . Figure 4a shows the localization of the regions mentioned above, where an enhanced relative in- Modeling the emission spectra of HII regions allows such ionizing-cluster parameters as the age and mass as well as the ionization parameter to be estimated. For this purpose, we constructed the corresponding computed dependences using the data from Table 2b To estimate the ages of the most reliably identified ionization sources in several HII regions, we used the computed age dependences of the line intensities I([OIII]λ5007Å)/I(Hβ) (Fig. 5a ), I([SII]λ6717Å/I(Hα) (Fig. 5b) , and I([NII]λ6584Å)/I(Hα) (Fig. 5c) . As a parameter for the construction of each curve, we used the mass of the ionizing star cluster, which changes from one curve to another in the range from 0.12 × 10 5 to 2 × 10 5 M ⊙ . As follows from the figure, all of the clusters considered -T54 (in the HII shell HL111), T32 (ionizing HL50), T52 (ionizing the region around the star M12), T34?, T24 and T27 (ionizing the regions HL46 and HL48), T47 and poor T43? (ionizing HL89), and T50 and T53 (probable ionization (a) Fig. 4.-(a) The numbered squares indicate the localization of the regions where an enhanced intensity I([SII]λ6717 + 6731Å)/I(Hα) compared to the photoionization curves was revealed in Fig. 3; (b) examples of the Hα (upper) and [SII]λ6717Å (lower) line profiles from our FPI observations (in arbitrary units). The observed profile and the high-velocity components identified as an excess above the Voigt wings are shown. The region numbers indicated at the top correspond to the numbers of the squares in panel (a) (as in Fig. 1 , the circles and asterisks represent the star clusters and WR stars).
sources of HL106) -have ages within the range from 2.5 to 5 Myr (in what follows, the sign "?" in Table 5 marks the clusters that are possible ionization sources of the corresponding HII region.) The clusters ionizing the shell HL111 and the region HL50 are youngest.
The use of three cluster age indicators based on different spectral lines in Fig. 5 shows certain discrepancies between them and, often, ambiguity. The difficulty of our estimations is compounded by the fact that all dependences are two-parameter ones (on cluster age and mass). Therefore, in determining the age, we chose the ranges of "intersection" of our estimates according to three criteria, giving preference to the estimate based on the oxygen lines.
As an example, we will specify the corresponding parameters for the shell HL111. Judging by Fig. 5 , the ages and masses of the clusters ionizing it lie within the following ranges:
• from the [OIII]5007/Hβ ratio: t = 2.1-2.9 Myr or t = 3.6-4. • from the [NII]6584/Hα ratio:
• from the luminosity L(Hβ):
Our estimate from the relative line intensity [NII] 6584/Hα is least reliable, because the nitrogen lines in the nebula HL111 are weak, see Table 3 .
Given these discrepancies, we can actually estimate the age only with an accuracy of ±2 Myr. The scatter of cluster age estimates may be partly attributable to slight differences in metallicity and density of the HII regions associated with them (we neglected the possible slight differences when estimating the age).
However, the choice of an age from its possible options is facilitated considerably when WolfRayet stars are presented in HII regions. This allows the lower age limit to be determined. Indeed, at z = 0.004, according to the evolutionary synthesis models by Mollá Since the WC7-type star R10 is localized near the part of the region HL106 we observed, we can assign an age older than 4 Myr but no greater than 5 Myr to the ionizing cluster if we rely on the evolutionary synthesis models of the stellar population from .
Note also that we find the cluster age "at the time of ionization" from the spectra of HII regions. The ionization equilibrium time in an evolving HII region depends on the metallicity and density of the medium. According to Martín-Manjón et al. (2009) , it is about 0.2 Myr at z = 0.004 and N e = 10 cm −3 and decreases with increasing density. Thus, at z ≥ 0.004 and the gas density in IC 10 found above, this time is considerably (by an order of magnitude!) smaller than the cluster age. Therefore, the ages of the ionizing cluster and the ionized HII region are almost equal in our case.
Following In doing so, we used WR stars to refine the lower age limit. The cluster mass can then be found using the computed Hβ luminosities of the HII region as a function of the age for clusters of different masses by comparing them with the observed luminosities in hydrogen lines. When estimating the Hβ luminosity, we performed integration over the area of the corresponding HII region in the MPFS field. The results are shown in Fig. 5 . We constructed different curves in the figure from the data of Table 2b We integrated the Hβ emission from the shell HL111 to estimate its luminosity L(Hβ) ≃ 1.3 × 10 39 erg s −1 almost over the entire nebula covered by the MPFS field, with the exception of its small area on the east. The age of the cluster T54, about 3-4 Myr, can be reliably estimated both from the relative line intensities mentioned above and from the color indices of stars in Hunter (2001) and Vacca et al. (2007) . Accordingly, we find the mass of the cluster T54 to be M ≃ 1.0 × 10 5 M ⊙ . The mass estimate for the clusters ionizing HL106 is less reliable. First, only half of the nebula falls within the MPFS field and the luminosity L(Hβ) = 1.0 × 10 39 erg s −1 found has a low accuracy. Second, the age estimates from the relative line intensities I([OIII]/Hβ) and I([NII]/Hα) (about 4 Myr) and in Hunter (2001) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) disagree significantly. Besides, we showed previously (Egorov et al. 2010 ) that the nebula HL106 could be an ionized shell surrounding a dense CO cloud. Therefore, the mass estimate for the Figure 6 shows the relations between the relative line intensity I([SII]λ6717Å)/I(Hα) and parameter U that we constructed from the data of Table 2b in the electronic version of the above paper for the gas metallicity in this galaxy z = 0.004 and density N e = 100 cm −3 . As we see, the relation between these parameters is virtually independent of the cluster mass. The age in Table 5 presents all of the parameters of the clusters ionizing the most thoroughly studied HII regions obtained in this paper. Its respective columns give: (1)-name of the nebula, (2)-ionizing cluster according to the list by Tikhonov and Galazutdinova (2010) (the sign "?" marks the clusters whose contribution is also possible), (3)-gas density in the nebula, (4)-line luminosity L(Hβ), (5)-cluster age, (6)-cluster mass, (7)-ionization parameter.
Summarizing the results of our analysis of the gas emission spectrum and ionization sources in IC 10 based on our long-slit and MPFS observations at the 6-m SAO telescope, we conclude the following.
Our new estimates of the gas metallicity in the galaxy from both series of observations using the technique by Pettini and Pagel (2004) different from that in Lozinskaya et al. (2009) allowed the scatter of values for different nebulae to be reduced considerably, but they did not change the galaxyaveraged value of Z = 0.2Z ⊙ that we found previously. The new estimates of the relative abundances of oxygen and nitrogen and sulfur ions in nebulae from our MPFS observations and refined estimates from long-slit spectrograms are gathered in Table 4 .
In relative to the velocity of the peak, which is in- Thus, we made sure that among the large number of published theoretical evolutionary models for the emission spectrum of HII regions during a starburst, our observations of the galaxy IC 10 are in best agreement with the computations by Martín-Manjón et al. (2009) . Therefore, the presented results of our MPFS observations and our long-slit spectroscopic data are interpreted here in terms of the improved ionization models by these authors. Using these computations, we determined the ionization parameter and the ages and masses of the ionizing clusters from the spectra of several most thoroughly studied HII regions in the galaxy. When estimating the age, we also took into account the presence of nitrogen-and carbon-sequence WR stars , which gives its lower limit. The cluster ages and masses found in the investigated star-forming region of IC 10 lie within the range 2.5-5 Myr and in the range from 0.2×10 
CONCLUSIONS
This paper continues the studies of the ionized gas emission spectrum in the Irr starburst galaxy IC 10 begun by Lozinskaya et al. (2009) based on long-slit spectroscopy. Here, we presented new results of our observations of selected galactic fields with the panoramic MPFS; we also used the results of our observations with a long-slit spectrograph and a scanning Fabry-Perot interferometer.
To estimate the gas metallicity in the galaxy, we used the method by Pettini we used these computations to analyze our MPFS and long-slit spectroscopic observations. Based on the ionization models of these authors, we determined the ionization parameter and the ages and masses of the ionizing clusters from the spectra of several most thoroughly studied HII regions. In our estimations, we took also into account the presence of WR stars, which gives a lower limit for the age. The cluster ages found in the investigated star-forming region of IC 10 lie within the range 2.5-5 Myr, while the masses of the ionizing star clusters lie within the range from 0.2 × 10 5 to 10 5 M ⊙ .
After our paper was accepted for publication, a paper by López-Sánchez et al. (2010) appeared (ArXiv1010.1806) with the results of the most detailed spectral observations of the HL111 region with 3.5 m telescope at Calar Alto Observatory with a spatial resolution of 1 ′′ . For the whole HL111 region these authors derived the temperature T e =10500 K, the oxygen abundance 12+lg(O/H) = 8.26±0.09 and the age of the recent star-formation episode of about 3.3 Myr -all the data are in full agreement with our results. The only discrepancy in the fluxes of hydrogen lines in HL111 may be due to our not too reliable absolute calibration of Hβ line. In two spaxels coinciding with WR star M24B these authors tentatively detected the broad HeII 4686 line produced by a single WNL star. At the same location a possible N/O and He/H medium enrichment was found expected for the pollution by the WR-ejecta.
